Introduction {#s1}
============

For several decades, many industrial complexes have settled on the coast of the Gulf of Gabès (GG), a shallow gulf located in the southern Mediterranean Sea. These coastal industrial expansions, coupled with urban growth, have enhanced marine pollution, mainly due to the discharge of urban/industrial effluents into seawater, which has led to a high diversity of contaminants, including metals (Ayadi et al., [@B4]; Zaghden et al., [@B77]; El Zrelli et al., [@B26]; Naifar et al., [@B54]). The long-term discharge of phosphogypsum (i.e., a by-product of the phosphate fertilizer industries having acidic pH and containing trace metals) and/or untreated acidic wastewaters in the GG has resulted in a progressive degradation and loss of biodiversity, which represent a real threat for the marine ecosystems (El Zrelli et al., [@B25]; El Kateb et al., [@B23]; Naifar et al., [@B54]). Recent studies have reported links between high metal levels in coastal sediments and different marine organisms of GG (Gargouri et al., [@B33]; Ghannem et al., [@B34]; El Zrelli et al., [@B24]; Rabaoui et al., [@B58]). Due to their toxicity, long-term persistence and undegradability, metals in marine ecosystems may also pose a potential human health risk through their transfer, accumulation in the food chain and subsequent consumption.

Generally, sediments act as an important sink for trace metals, thus reducing their bioavailability in marine ecosystems (Eggleton and Thomas, [@B22]; Tessier et al., [@B69]). In sediment, trace metals can be adsorbed to amorphous materials, complexed with organic matter, or present in secondary minerals (Peng et al., [@B56]). However, their transfer into seawater is regulated by hydrodynamics, biogeochemical and physicochemical factors (Eggleton and Thomas, [@B22]; Tessier et al., [@B69]). Thus, sediments can become a potential source of metals for seawater via remobilization processes (Saulnier and Mucci, [@B63]; Kim et al., [@B45]; Kalnejais et al., [@B44]; Xu et al., [@B75]). Marine sediment resuspension may occur: (i) during natural events, such as tides, waves, storms, and biological activities, or (ii) through human activities, such as dredging, vessel movements and fishing (Eggleton and Thomas, [@B22]; Gadd, [@B32]). The GG displays the highest tides in the Mediterranean Sea (up to 2.3 m, Sammari et al., [@B62]), due to its large continental shelf with a very low slope. Surface sediment resuspensions induced by tides and currents is one of the main assumptions to explain the continuous nutrient supply in GG shallow waters (Hassen et al., [@B42]; Rekik et al., [@B60]; Hamdi et al., [@B41]), which are considered as one of the most productive areas of the Mediterranean Sea (Mayot et al., [@B50]; Ayata et al., [@B5]). Besides nutrients, recent studies have suggested that the surface sediment resuspension in the GG may be a significant source of metals (Ben Salem and Ayadi, [@B7]), which may also influence biological activities in these shallow waters (in addition to industrial activities).

Microorganisms play a fundamental role in marine ecosystem functioning. Changes in environmental conditions (e.g., pH, nutrients), as well as chemical contaminants (e.g., metals) entering the marine environment, can modify their diversity and ecological functions (Gillan et al., [@B36]; Witt et al., [@B73]; Wang K. et al., [@B70]; Goni-Urriza et al., [@B37]). Microbial communities can be used as indicators of contaminant stress because they are highly sensitive to slight changes in their surrounding environment (Sun et al., [@B67]). Microorganisms can also play an important role in the metal mobility through different processes (e.g., oxidation/reduction reactions or organic/inorganic acid formation), therefore increasing their bioavailability (Gadd, [@B31]). For instance, both iron- and sulfur-oxidizing bacteria can release soluble metals from solid metal-bearing phases (Tabak et al., [@B68]; Fonti et al., [@B27]). On the contrary, many microorganisms can contribute to metal immobilization by biosorption, transport, and intracellular sequestration, or precipitation, thus reducing their bioavailability (White et al., [@B72]; Gadd, [@B31]). For instance, sulfate-reducing bacteria are strongly involved in metal immobilization by the precipitation of metal sulfide in sediments (Gadd, [@B30]; Jong and Parry, [@B43]). However, the microbial populations associated with metal remobilization during surface sediment resuspension events have not been well identified in coastal and marine ecosystems, whereas metal remobilization has been extensively investigated from estuarine or marine sediments (Cantwell and Burgess, [@B13]; Shipley et al., [@B65]; Dang et al., [@B19]). Moreover, the impact of acidic industrial effluent discharge (especially industrial waste containing metals) on the microbial diversity of coastal marine ecosystems has never been studied to date.

In this work, we evaluated for the first time the effect of acidic and metal-rich wastewaters (AWW) as released by fertilizer industries on both microbial diversity and trace elements (TE; i.e., trace metals, metalloids, and radionuclides) during experimental resuspension of contaminated surface coastal sediments. The bacterial community dynamics and remobilization of four TE (arsenic, As; cadmium, Cd; uranium, U; vanadium, V) were specifically monitored over time. The potential impact of microbial communities on TE mobility was also examined by comparing biotic experiments and abiotic controls to distinguish between biotic and abiotic processes involved in TE mobility. Both the metalloid As and the metal Cd could come from all of the various anthropogenic sources referenced by Ross ([@B61]). Phosphate fertilizer industries are also known as important sources of the toxic metal Cd and the radionuclide U (Yamazaki and Geraldo, [@B76]; Cichy et al., [@B15]). In turn, V represents one of the most abundant metals in petroleum and can be used as a tracer of oil pollution in coastal environments (Guzmán and Jarvis, [@B40]), such as the hydrocarbon-impacted coastal areas of GG (Fourati et al., [@B28],[@B29]).

Materials and Methods {#s2}
=====================

Studied Area
------------

Sfax (34°43′N−10°46′E) is the second largest city in Tunisia and is located in the northern part of the Gulf of Gabès (GG, 100 km wide from Sfax to Djerba and 100 km long from Gabès to the open Mediterranean Sea, Figure [1A](#F1){ref-type="fig"}). The southern coast of Sfax city is impacted by numerous polluting industrial plants, such as the phosphate fertilizer industry (Figure [1B](#F1){ref-type="fig"}).

![Map of the study area in the south Mediterranean Sea **(A)** and in the Sfax coast **(B)** and photograph of the laboratory experiments of sediment resuspension **(C)**. Location of sampling sites is shown by black circles. Location of the fertilizer plant in the industrial area is indicated in blue. Red arrows indicate the direction of flow of acidic wastewater.](fmicb-09-03103-g0001){#F1}

Phosphogypsum produced by the Industrial Society of Phosphoric Acid and Fertilizer (SIAPE) was stored in stockpiles (tabia) in front of Sfax coast since the 80th\'s, which resulted in the drainage of a liquid having acidic pH (abbreviated in this paper as acidic wastewater, AWW; flow rate of \~500 m^3^ d^−1^). This AWW was mixed with the treated domestic wastewaters of the National Sanitation Agency (ONAS; flow rate of \~45000 m^3^ d^−1^), olive oil wastewaters of storage basins and the Thyna municipal landfill leaching waters through a channel "El Hakmouni" before sea outfall. Production of phosphoric acid by the SIAPE stopped since august 2016 and no phosphogypsum was produced since this date (Chemical Group of Tunisia, personal communication).

Sample Collection, Processing, and Storage
------------------------------------------

Acidic wastewater (AWW), contaminated marine sediment (SED) and seawater (SW) were sampled on July 4th 2016 on the coast of Sfax (GG, Tunisia, southern Mediterranean Sea; see location of sampling sites on Figure [1](#F1){ref-type="fig"}).

All bottles were pre-cleaned following a rigorous protocol: filled with 10% HCl (VWR Analytical grade, 1 week) rinsed with ultra-pure MilliQ water (R = 18.2 MΩ.cm^−1^) filled with 2% HCl (Fisher, Optima grade) and stored in closed plastic bags until use.

For laboratory experiments, AWW was collected using sterile plastic bottles at a point (34°42′05.23′′N−10°44′02.65′′E) above its mixture with different wastewaters and discharge into the seawater, to distinguish the specific effect of phosphogypsum leachates from mixed wastewaters. Surface SED affected by resuspension events (0--5-cm layer) was sampled at low tide, at 10 m from the shore, near the discharge of mixed wastewaters into the seawater (34°40′46.95′′N−10°44′45.74′′E) with a plastic spatula and distributed in sterile plastic bags (\~1 kg). In order to assess the environmental impact due to AWW discharge during SED resuspension experiments by coastal seawater (described below), SW was taken at high tide (0.5 m below sea level) on the northern coast of Sfax at a point less impacted by the southern fertilizer industry (34°47′41.74′′N−10°51′05.00′′E) using 4-L pre-cleaned Polycarbonate bottles (Nalgene®). The temperature, pH, and redox potential of AWW, SED and SW were measured *in situ* using the multiparameter probe PC-5 (XS-Instruments; Table [S1](#SM1){ref-type="supplementary-material"}).

For TE analysis, AWW and SW samples were transferred in triplicate in commercial metal-free polypropylene tubes (VWR) previously washed with HCl 10%, and immediately filtered on 0.2-μm sterile cellulose acetate filters using pre-cleaned Minisart syringes. Back in the laboratory, they were transferred to pre-cleaned FEP bottles, acidified with 2% HNO~3~ (Fisher Optima grade) and stored separately in closed plastic bags at 4°C until total TE dissolved analysis.

For DNA extraction, SED subsamples were transferred in duplicate sterile Eppendorf tubes and 2 L of water samples (SW and AWW) were filtered in duplicate using 0.22-μm sterile cellulose ester filters (Millipore). Then, SED and filters (SW and AWW) were stored at −20°C, prior to molecular analysis.

Sediment Analysis and granulometry
----------------------------------

SED samples were freeze-dried and sieved onto 2 mm (10 g for granulometry) or 200 μm (1 g for total dissolved TE and elemental composition analyses). The water content of SED samples was determined after drying for 24 h at 105°C. Total carbon, hydrogen, nitrogen and sulfur (C/H/N/S) and organic C contents of dry SED were determined as previously described by Zouch et al. ([@B78]). The granulometry of dry SED was determined with a Beckman Coulter LS 13 320 laser granulometer before and after organic matter removal and the relative abundance of sand (2000 to 63 μm), silt (63 to 2 μm), and clay (\< 2 μm) was measured (Ghilardi et al., [@B35]). Before laser granulometry analysis, sediments must be sieved on 2 mm, which is the upper limit of the granulometer (Ghilardi et al., [@B35]; Guigue et al., [@B39]).

Sediment Resuspension Experiments
---------------------------------

Table [1](#T1){ref-type="table"} shows the four treatments tested in triplicate in the sediment resuspension experiments. In all conditions tested, SED was mixed with SW using a solid/liquid ratio of 10 g L^−1^ of dry sediment, a ratio close to *in situ* levels of suspended particulate matter measured during sediment resuspension events induced by many operations, such as dredging (Shipley et al., [@B65]; Monnin et al., [@B52]). To obtain this ratio, wet SED samples (\~32.6 g corresponding to 20 g dry weight) were transferred into pre-cleaned mesocosms (2.2 L FEP bottles, Nalgene), and filled with SW up to 2 L.

###### 

Treatments used to test the effect of acidic wastewater (AWW) on microbial and trace metal dynamics during the resuspension of contaminated sediment (SED) into coastal seawater (SW).

  **Conditions**      **Name**   **Replicates**   **Sediment (SED)**   **Seawater (SW)**   **Acidic wastewater (AWW)**   **Poison (NaN~**3**~)**
  ------------------- ---------- ---------------- -------------------- ------------------- ----------------------------- -------------------------
  Biotic conditions   S          S1, S2, S3       20 gDW               2L                  0                             0
                      P          P1, P2, P3       20 gDW               2L                  10 mL                         0
  Abiotic controls    SA         SA1, SA2, SA3    20 gDW               2L                  0                             50 mM
                      PA         PA1, PA2, PA3    20 gDW               2L                  10 mL                         50 mM

*Experiments were performed in triplicates*.

To evaluate the effect of acidic effluent discharge on TE and microbial dynamics during sediment resuspension by seawater, two biotic conditions were compared: S condition without AWW addition and P condition with addition of 10 mL of AWW into 2-L mixture. Each condition was prepared in triplicate (Table [1](#T1){ref-type="table"}). Resulting initial pH (7.0 for P and 8.5 for S) are close to *in situ* seawater pH values measured near the effluent discharge (pH 7 at SED point) and from coastal seawater unaffected by AWW (pH 8.3 at SW point). P conditions simulated the release of acidic wastewater effluent into the Sfax coastal ecosystem (with AWW input), while S conditions mimic coastal ecosystem after stopping effluent discharge (without AWW input).

Biotic and abiotic experiments were compared in order to distinguish between biotic and abiotic processes involved in TE mobility, and therefore to identify the potential impact of microbial communities on TE mobility. Abiotic controls (SA and PA) were prepared in triplicate by poisoning the sediment suspensions with sodium azide (NaN~3~) at a final concentration of 50 mM, which inhibits microbial growth and activity, as previously defined by Cabrol et al. ([@B12]).

All mesocosms (*n* = 12 in total) were run in parallel and incubated aerobically undergoing continuous overhead shaking (10 tr.min^−1^, Heidolph Reax 20) to mimic sediment resuspension, for 10 days at 27°C (Figure [1C](#F1){ref-type="fig"}, Table [1](#T1){ref-type="table"}).

Sediment/water mix samples (40 mL) were taken from the 12 mesocosms at 9 different times over the course of the resuspension experiment: 0, 1 h, 5 h, 16 h, 2, 3, 5, 7, and 10 days, and transferred into metal-free centrifuge tubes. Optical density (OD 600 nm) and pH were immediately measured from subsamples (5 mL) using, respectively a spectrophotometer (UV-1800, Shimadzu) and a pH-meter (NeoMet pH-200L), which was calibrated using three standard buffer solutions (pH 4, 7, and 10 at 27°C). Sediment/water mix samples were centrifuged (15 min, 8,000 rpm) and the supernatants were filtered on 0.2-μm cellulose acetate filters using pre-cleaned Minisart syringes, transferred to pre-cleaned FEP bottles and stored in closed plastic bags at 4°C until total dissolved TE analyses. Sediment pellets (0.5--1 g), collected at 3, 5, 7, and 10 days, were stored at −20°C for DNA extraction (in parallel with initial SED samples). The S/L ratio was maintained relatively constant during experiments. Forty milliliters of water and 0.5--1 g of sediment were collected simultaneously at each of the 9 sampling times from a 2-L water volume and a 32.8-g sediment mass, respectively, the initial and final S/L ratios displaying a variation of only \~2%.

Analysis of Trace Elements
--------------------------

All samples were processed and analyzed in a trace metal clean HEPA filtered laboratory (ISO 7), using high purity acids (Fisher, Optima grade) and MilliQ water (*R* = 18.2 MΩ.cm^−1^). Both sets of PFA beakers and micropipette tips were cleaned in HCl (10%, 100°C, 24 h), rinsed and dried in a laminar flow cabinet (ISO 4). Sediment samples were leached with 9 mL of pure acid mixture (HF/HCl/HNO~3~, 1:6:2) and heated on a hot-block (120°C, 24 h). Solutions obtained were evaporated when almost dry and residues were dissolved in 100 mL of HNO~3~ (2%) prior to analysis. Water samples (SW and AWW) were diluted 1/20 in 2 % HNO~3~ before analysis. Concentrations of TE (As, Cd, U and V) in all samples were then evaluated using Inductively Coupled High Resolution Plasma Mass Spectrometry (HR-ICP-MS, Element XR, Thermo Scientific). To correct instrumental drift and possible matrix effects, internal standard elements (In) were added to the samples. Analytical results were validated using Certified Reference Material (MESS-4 for sediments and SLEW-3 for waters).

DNA Extraction, PCR, and Sequencing Analyses of 16S rRNA Gene Fragments
-----------------------------------------------------------------------

DNA extraction from duplicated initial SED and sediment pellets of biotic conditions S and P (prepared in triplicates and collected at different times, as described above) was carried out using UltraClean Soil DNA Isolation Kit (MoBio Laboratories, Inc., CA), as previously described by Quéméneur et al. ([@B57]). DNA was extracted from duplicated AWW and SW filters using PowerWater DNA Isolation Kit Sample (MO BIO Laboratories, Inc., CA). DNA was quantified using the Thermo Scientific Nano Drop 2000 spectrophotometer.

Bacterial abundance in collected samples was evaluated by real-time quantitative PCR of 16S rRNA genes using the 331F and 797R primers, as previously described by (Abdallah et al., [@B1]).

Bacterial and archaeal 16S rRNA genes were amplified by PCR using the 341F/815R prokaryotic universal primer set, as previously described by Dowd et al. ([@B20]), and were sequenced by the MiSeq Illumina (paired-end 2 x 300 bp) platform of the Molecular Research Laboratory (Texas, USA). Raw sequences were analyzed using QIIME 1.9.1 as described by Caporaso et al. ([@B14]). Briefly, the raw reads were checked for adapter, chimera and low-quality sequences. The trimmed reads were clustered into operational taxonomic units (OTU) using a 97% sequence identity threshold with UCLUST (Edgar, [@B21]). The taxonomic assignment was performed by UCLUST taxonomy. Low abundance OTU (\< 0.005%) were filtered as recommended by Bokulich et al. ([@B8]) and the OTU table was normalized by random subsampling to the smallest number of sequences (i.e., 18614). Similarity search by BLAST algorithm (Altschul et al., [@B3]) against the NCBI non-redundant (NR) reference database was performed for OTU representative sequences. The 16S rRNA gene sequences have been deposited in the Genbank database under the accession numbers MH002252-MH002311.

Numerical and Statistical Analyses
----------------------------------

The alpha diversity was calculated in QIIME using the Shannon (Shannon and Weaver, [@B64]) and Simpson (Simpson, [@B66]) indices. The beta diversity (Bray--Curtis similarity) metrics were calculated and a dendrogram was generated with *hclust* function in R to group samples into clusters. The Good\'s coverage was calculated according to the equation: C = 1--(n/N) where n is the number of OTU and N is the total number of sequences (Good, [@B38]). The relative OTU table was transformed by logarithm to down weight the influence of more abundant species masking shifts among less abundant species (Cabrol et al., [@B11]). The dynamics of microbial community structure along time were analyzed by Principal Coordinate Analysis (PCoA), using *pcoa* function of the *ape* package in R software (version 3.5.0), from the log-transformed OTU table. The temporal succession was visualized by a bubble plot on the PCoA representation, in which the symbol size was proportional to the elapsed time. Ellipses were drawn based on the standard deviation of points in groups defined by the presence/absence of acid effluent addition (*ordiellipse* function, confidence limit 0.9) and the significance of group separation according to acid effluent addition was tested by non-parametric (permutational) analysis of variance using distance matrix (Bray Curtis) with the *adonis* function (*p*-value 0.002). The first 50 OTU with highest variance were identified on the score/species biplot representation (the magnitude of OTU abundance change being proportional to the species arrow length). Their significant correlation with the ordination scores was tested by the *envfit* function (vegan package, R). The most discriminant OTU (i.e., with *p*-value \< 0.001) explaining the sample distribution on the PCoA ordination were selected (yielding 32 species) and represented on the biplot. Collinearity between abiotic variables was tested by computing the pairwise Pearson correlation matrix between 8 variables (Table [S2](#SM1){ref-type="supplementary-material"}). "Time" and "AWW" variables were removed due to their high correlation (\|ρ\| \> 0.9) with, respectively, dissolved Cd concentration and pH and U concentration. The linear correlation between the PCoA ordination of the microbial communities and key environmental parameters (after normalization) was investigated using the *envfit* function of the *vegan* library. Fitted environmental vectors were represented on the PCoA by arrows pointing to the direction of the increasing gradient and of which the length is proportional to the correlation coefficient between the variable and the ordination. The correlation significance of each variable was assessed by permutation tests. To explore the concerted effect of the 6 abiotic variables on the multivariate pattern of the microbial community, the *bioenv* routine (*vegan* package) was applied to test the 5 different possible models (i.e., subsets of environmental variables). The model providing the maximum rank correlation (Spearman coefficient) between a subset of environmental variables (Euclidian distances) and community dissimilarities (Bray Curtis distances) was identified. The significance of these correlations was tested by Mantel tests (*mantel* function).

The Mann-Whitney non-parametric test (U-test) was used to compare, two-by-two, the four different treatments (SA, S, P, PA) for each of these parameters: OD, pH, cadmium, uranium, arsenic, vanadium, diversity indices, and bacterial abundance. The U-test was also used to compare, for each parameter, the biotic (S and P) vs. abiotic (SA, PA) treatments, with effluent (P, PA) vs. without effluent (S, SA) treatments, as well as T0 vs. Tf conditions. The U-test was chosen for these comparisons because most of the treatments displayed a non-normal distribution according to several normality tests (Shapiro-Wilk, Anderson-Darling, Lilliefors tests). To find relationships between relative abundance of selected OTU and TE, we performed the Spearman correlation test (the non-parametric version of the Pearson correlation test) and we accepted correlation coefficients with *p*-values of \< 0.05 as significant associations. Normality tests, the U-test, correlation tests and heatmap were performed with XLSTAT 2013.5.01 (Microsoft Excel add-in program). The heatmap displays the taxonomic affiliation obtained by the BLAST algorithm against the NCBI NR reference database.

Results {#s3}
=======

Physicochemical Characteristics of Initial Sediment, Seawater, and Acid Effluent Samples
----------------------------------------------------------------------------------------

The studied coastal surface sediment (SED) was mainly composed of sand (silt and clay were absent). Within the sand, medium (250--500 μm) and coarse (500--1000 μm) fractions were the majority (60 and 37%, respectively), while very fine (63--125 μm), fine (125--250 μm), and very coarse (1000--2000 μm) fractions represented together only 3% of the sand. SED contained low total organic carbon content (1.5% of the total sediment weight) and was characterized by a pH value of 6.3. It exhibited a multi-contamination involving various TE: 3.2 mg kg^−1^ for As, 16.4 mg kg^−1^ for Cd, 19.7 mg kg^−1^ for U, and 25.9 mg kg^−1^ for V. The main physicochemical properties of the initial SED used in resuspension experiments are summarized in Table [2](#T2){ref-type="table"} and the characteristics of the initial seawater (pH 8.3, SW) and acidic wastewater (pH 2.4, AWW) are given in Table [S1](#SM1){ref-type="supplementary-material"}.

###### 

Chemical properties of sediment (SED) used in resuspension experiments and collected on the Sfax southern coast (Tunisia, South Mediterranean Sea).

                                                         **SED**
  ------------------------------------------------------ ---------------------------------------------------
  pH *in situ*                                           6.3
  Temperature *in situ* (°C)                             31.3
  Eh *in situ* (mV)                                      203
  Water content (% of wet weight)                        39.7
  Total carbon (% of dry weight)                         2.4
  Organic carbon (% of dry weight)                       1.4
  Total nitrogen (% of dry weight)                       0.2
  Total sulfur (% of dry weight)                         0.9
  Total hydrogen (% of dry weight)                       0.7
  P (mg kg^−1^)                                          367--15110 (2456)[^a^](#TN1){ref-type="table-fn"}
  **Trace element concentrations (mg.kg**^**−1**^**)**   
  As                                                     3.2
  Cd                                                     16.4
  Co                                                     1.5
  Cr                                                     330.8
  Mn                                                     113.5
  Mo                                                     8.1
  Ni                                                     34.9
  Pb                                                     0.2
  U                                                      19.7
  V                                                      25.9

*Data obtained from Naifar et al. ([@B54])*.

16S rRNA Gene Diversity in Initial Sediment, Seawater, and Acid Effluent Samples
--------------------------------------------------------------------------------

The initial microbial diversity and bacterial abundance in sediment (SED), seawater (SW), and acidic wastewater (AWW) samples was estimated by 16S rRNA analyses based on next-generation sequencing (NGS) and quantitative PCR (qPCR). Considering sequence variability into replicate, the OTU numbers in SED, SW and AWW were 1041 ± 26, 1068 ± 26 and 651, respectively (Table [S3](#SM1){ref-type="supplementary-material"}). As expected from the drastic selective pressure existing in acidic and metal-rich effluent, both diversity indices and bacterial abundance were lower in AWW than in SED and SW. Initial community structures in SW and AWW were clearly separated, and most of them were segregated from the subsequent incubation communities (Figure [2](#F2){ref-type="fig"}). Field duplicate communities clustered together.

![Composition of microbial communities at the phylum or class level in initial sediment (S), seawater (SW), and acid wastewater (AWW) of Sfax coast (south Mediterranean Sea), and in sediment samples collected from biotic incubations with or without AWW addition (S and P conditions, respectively) at 4 different times (T3, T5, T7, and T10 days). Each bar represents the color-coded relative abundance of microbial taxa in the studied samples. The dendrogram was constructed from the OTU abundance table using Bray--Curtis dissimilarity. The scale bar of the dendrogram represents the dissimilarity level (%) between microbial community.](fmicb-09-03103-g0002){#F2}

In the sediment, the microbial community was dominated by five bacterial phyla: *Proteobacteria* (67. 0 ± 1.0 %), *Bacteroidetes* (20.2 ± 1.0 %), *Actinobacteria* (5.4 ± 0.2 %), *Chloroflexi* (2.3 ± 0.7 %), *Firmicutes* (2.0 ± 0.0 %). Interestingly, the SED community was dominated by only 9 major OTU (\>1 % of all sequences) belonging to 4 classes: *Alphaproteobacteria* (represented by *Thioclava* genus, \>20 % of all sequences), *Epsilonproteobacteria* (*Sulfurovorum* and *Arcobacter* genera), *Betaproteobacteria* (*Azoarcus* genus), and *Flavobacteriia* (*Gaetbulibacter* and *Namhaeicola* genera) (Table [S4](#SM1){ref-type="supplementary-material"}). *Archaea* (*Methanobacteria* class) represented \< 0.1% of the microbial community of SED.

In the seawater, the microbial community was dominated by four phyla (\> 95 % of all sequences): *Proteobacteria* (60.4 ± 2.6 %), *Bacteroidetes* (16.8 ± 1.2 %), *Actinobacteria* (12.3 ± 0.3 %), and *Cyanobacteria* (7.5 ± 0.5 %) specific to SW. The SW was dominated by 14 OTU (\>1% of all sequences): 9 alphaproteobacterial OTU related to *Rhodobacterales* genera, 2 cyanobacterial OTU, 3 actinobacterial, and 1 *Bacteroidetes* OTU (Table [S5](#SM1){ref-type="supplementary-material"}).

Despite its drastic pH and high TE concentrations, the AWW has a relatively high diversity (compared to acid mine drainage). The distribution of OTU strongly differs from SW and SED, mainly due to the dominance of *Firmicutes* (39.3 %), followed by *Proteobacteria* (37.1 %), *Actinobacteria* (12.2 %), *Bacteroidetes* (6.8 %), and *Cyanobacteria* (3.1 %). Among the 13 dominant OTU, 6 OTU were affiliated to *Firmicutes* and assigned to *Alicyclobacillaceae* (18.4 %), *Clostridiaceae* (3.4 %) and *Peptostreptococcaceae* (7.2 %) (Table [S6](#SM1){ref-type="supplementary-material"}).

Variations of Optical Density and pH in Sediment Resuspension Experiments
-------------------------------------------------------------------------

The evolution of optical density (OD) and pH in water during the 10-day sediment resuspension experiments are given in Figures [3A,B](#F3){ref-type="fig"}.

![Dynamics of bacterial growth (optical density OD 600 nm; **A**), pH **(B)**, and dissolved concentrations of cadmium **(C)**, uranium **(D)**, arsenic **(E)**, and vanadium **(F)** during sediment resuspension experiments. Two treatments were tested: biotic sediment (S, blue), and biotic sediment with AWW addition (P, red). Corresponding abiotic controls (SA and PA) were represented by dotted lines. Values are means of triplicate resuspension microcosms ± standard deviations (error bars).](fmicb-09-03103-g0003){#F3}

Significant OD increases were observed in the biotic conditions (S and P) between the beginning (T0) and the end (Tf) of the experiment (U-test, *p* \< 0.01, *n* = 12), and compared to abiotic controls (SA, PA) for the whole experiment (U-test, *p* \< 0.01, *n* = 108). Without AWW addition (S), the OD values increased rapidly up to 0.09 ± 0.01 after 10 days, with a relative maximum (0.06 ± 0.01) after 3 days. With AWW addition (P), the OD values increased more slowly up to 0.06 ± 0.01 after 10 days, suggesting that AWW increased lag times. Even though a slight OD increase was found in the abiotic controls between the beginning (T0) and the end (Tf) of the experiment (U-test, *p* \< 0.05, *n* = 12), the much higher OD values recorded in biotic conditions suggest the occurrence of microbial growth in these latter conditions only (Figure [3A](#F3){ref-type="fig"}).

Without AWW addition (initial pH \~8.5), a pH decrease was observed during the 6 first hours (pH 8.2), which is probably due to the mixing of SW and SED. Average pH values continued to decrease until the tenth day (S: 7.9; SA: 8.1; Figure [3B](#F3){ref-type="fig"}). With AWW addition (initial pH 7.0), a pH increase was observed during the first hour (pH 7.5), which is probably due to the buffering capacity of the SED and SW. This increase was followed by a decrease (pH 7.2) during the next 6 h and by a divergence between P and PA. For the whole experiment, pH values were significantly lower with AWW addition in comparison to values without AWW addition (U-test, *p* \< 0.001, *n* = 108; Figure [3B](#F3){ref-type="fig"}). No statistically significant difference in pH was observed between biotic and abiotic conditions from T0 to Tf (U-test, *p* \> 0.05, *n* = 108), but pH values were significantly lower in the biotic conditions (S and P) than in the abiotic controls (SA and PA) if we only consider samples collected from 2 days of experiments (i.e., 2, 3, 5, 7, and 10 days; U-test, *p* \< 0.01, *n* = 60; Figure [3B](#F3){ref-type="fig"}). With AWW addition, pH values were significantly lower in the biotic conditions (P) than in the abiotic controls (PA) over time (from T0 to Tf; U-test, *p* \< 0.01, *n* = 54). The pH variations observed in the biotic conditions (S and P) suggest that the biogeochemical reactions controlled by bacteria induced decrease in pH.

Metal Dynamics in Sediment Resuspension Experiments
---------------------------------------------------

Changes in dissolved arsenic (As), cadmium (Cd), uranium (U), and vanadium (V) concentrations were observed during 10-day remobilization experiments (Figures [3C--F](#F3){ref-type="fig"}).

At T0 when mixing SED with SW, an initial Cd release from SED was observed in the P conditions (1.46 ± 0.05 μg L^−1^), significantly stronger than in S conditions (0.21 ± 0.03 μg L^−1^; U-test, *p* \< 0.01, *n* = 12). This may be explained by the initial Cd input resulting from AWW addition (i.e., 0.9 μg L^−1^, corresponding to 61% of the initial Cd). Independently of AWW addition, Cd was strongly remobilized during the 2 first days, and then returned rapidly to initial low levels at 3 days, prior to a progressive increase until the end of the experiments. At Tf, significant Cd difference was observed between biotic and abiotic conditions (U-test, *p* \< 0.05, *n* = 10). Cd release was twice higher in the biotic conditions (S: 4.98 ± 0.11 μg L^−1^; P: 6.79 ± 0.51 μg L^−1^) than in the corresponding abiotic conditions (Figure [3C](#F3){ref-type="fig"}), suggesting that microorganisms might play a role in the Cd remobilization.

The initial concentrations of dissolved U were similar in S and P conditions (4.1--4.6 μg L^−1^) (Figure [3D](#F3){ref-type="fig"}). With AWW addition, no significant U remobilization was observed between the biotic condition P at T0 and Tf (U-test, *p* \> 0.05, *n* = 6), and a slight U increase, albeit insignificant, was detected between abiotic condition PA at T0 and Tf (5.81 ± 0.39 μg L^−1^ at 10 days; U-test, *p* \> 0.05, *n* = 6). In contrast, U release was accentuated at pH 8.5, in which its concentration almost tripled after 10 days (SA: 12.42 ± 0.89 μg L^−1^; S: 11.10 ± 0.71 μg L^−1^), indicating that U mobilization increased in natural seawater (without AWW addition).

Initial dissolved As concentration was around 4 μg L^−1^ in all experiments (Figure [3E](#F3){ref-type="fig"}). Dissolved As levels remained stable until day 10 in all cases, except in biotic condition P, where it significantly decreased after 7 days, down to 1.41 ± 0.40 μg L^−1^ (T10; significantly lower As values for P compared to other conditions at Tf; U-test, *p* \< 0.05, *n* = 11), suggesting biogenic As immobilization after AWW addition.

Initial dissolved V levels varied between P and S conditions, but dissolved V presented similar initial values under biotic or abiotic experiments (\~4.9 μg L^−1^ for S and SA; \~7.4 μg L^−1^ for P and PA; Figure [3F](#F3){ref-type="fig"}). These results may be partly explained by the initial V input from AWW addition (i.e., 1.6 μg L^−1^, corresponding to 21% of the initial V). A gradual increase in dissolved V was observed in all experiments, especially during the first day and the remobilization slowed down until the 10th day. The final dissolved V tended to be lower in the biotic condition S (8.8 ± 0.2 μg L^−1^) than in other conditions (SA: 10.92 ± 0.72 μg L^−1^; P: 10.77 ± 0.34 μg L^−1^; PA: 11.71 ± 0.29 μg L^−1^; significantly lower V values for S compared to other conditions at Tf; U-test, *p* \< 0.05, *n* = 11), indicating that V remobilization was biologically decreased in natural seawater (without AWW addition).

Microbial Community Dynamics in the Resuspension Experiments
------------------------------------------------------------

The dynamics of microbial diversity and bacterial abundance were monitored over time (0, 3, 5, 7, and 10 days), in the pelletized sediment suspensions from the triplicated biotic conditions using 16S rRNA NGS and qPCR analyses (P with AWW addition and S without AWW addition). After 3-day incubation, the number of observed OTU increased from 1041 ± 6 (for initial SED) to 1078 on average, in both S and P conditions independently of acidification. A gradual increase in OTU number was observed over time in S conditions (1113 ± 10 after 10 days; Table [S3](#SM1){ref-type="supplementary-material"}), while no difference in OTU richness and Shannon index was observed in P conditions. On the contrary, bacterial abundance displayed a significant decrease from 2.87 ± 0.96 x 10^9^ (for initial SED) to 1.77 ± 0.14 x 10^8^ and 2.50 ± 0.27 x 10^8^, respectively in both S and P experiments (after 10 days, U-test, *p* \< 0.05; Table [S3](#SM1){ref-type="supplementary-material"}). No significant difference between S and P conditions was observed at Tf.

Change in the microbial community structure was shown in the hierarchical dendrogram based on Bray--Curtis similarity (Figure [2](#F2){ref-type="fig"}). All the incubation samples were separated from the initial samples. After 3-day incubation (T3), samples of conditions S and P clustered together and replicate samples from the same conditions (S1, S2, S3 or P1, P2, P3) grouped also together. With the sole exception of S3-T5 separated from S1-T5 and S2-T5, the dynamics and clustering of microbial communities were reproducible between samples triplicates over time. After 7 days and until the end of the incubation, replicate samples exposed to acidic effluent (P, in red) clustered together clearly apart from replicate samples without acidic effluent (S, in black).

On average, bacterial communities in the S and P conditions were mainly composed of the following phyla/classes: *Bacteroidetes* (35%), *Alphaproteobacteria* (29%), *Gammaproteobacteria* (14%)*, Actinobacteria* (9%), and *Verrucomicrobia* (5%; Figure [2](#F2){ref-type="fig"}). Compared to the initial SED community, *Alphaproteobacteria* decreased over time (from 37% initially to \~28% at the end), while *Bacteroidetes* were enriched in both S and P conditions (from 20% initially to \~35% at the end; Figure [2](#F2){ref-type="fig"}). No difference in low archaeal proportion (\< 0.1% of microbial community) was observed depending on treatment and time.

Correlations Between Microbial Communities and Resuspension Experimental Conditions
-----------------------------------------------------------------------------------

Principal Coordinate Analysis (PCoA) based on the relative OTU abundances showed a clear temporal succession along the PC1-axis (r2 = 0.84, *p* \< 0.001 for time effect), evidencing the adaptation of microbial communities to resuspension conditions over time (Figure [4A](#F4){ref-type="fig"}). After 3 day-incubation, microbial communities were still highly similar in S and P conditions, with 10 common discriminate OTU affiliated to *Alphaproteobacteria* and *Gammaproteobacteria* classes, *Flavobacteriaceae* family, *Verrucomicrobia* class (Figures [4B](#F4){ref-type="fig"}, [5](#F5){ref-type="fig"}). From 5-day incubation, the PCoA highlighted a clear separation of microbial communities into two groups along the PC2-axis according to the presence/absence of AWW, which was confirmed by PERMANOVA (r2 = 0.76, *p* \< 0.01). The divergence increased with time and the AWW addition was the most important driving force of the microbial community structure. Higher pH and higher diversity were significantly correlated with S microbial communities (r2 = 0.59, *p* \< 0.01 and r2 = 0.49, *p* \< 0.01, respectively). Dissolved U levels were also significantly correlated with S communities (r2 = 0.88, *p* \< 0.01), especially at intermediary times of the incubations (Figure [4A](#F4){ref-type="fig"}), suggesting enhanced U immobilization in presence of acidic effluent. However, the similar trend between biotic and abiotic U kinetics (Figure [3D](#F3){ref-type="fig"}) suggests an effect of U as driver of the microbial structure rather than a potential role of microbial communities in U mobilization. On the other hand, the significant and high linear correlation between dissolved Cd levels and microbial communities exposed to acidic effluent (r2 = 0.87, *p* \< 0.01), especially at the end (Figures [4A](#F4){ref-type="fig"}, [3C](#F3){ref-type="fig"}), fitted with our physicochemical kinetics, suggesting that microorganisms may enhance Cd remobilization. The same microbial effect was observed, to a lower extent, on V remobilization, especially at intermediate times of the incubation (r2 = 0.54, *p* \< 0.05). When tested altogether, the concerted effect of the abiotic variables on the multivariate pattern of the microbial community revealed that a simple model including only 2 variables (namely pH and Cd concentration) best explained the community structure (r^2^ = 0.6265, *p* \< 0.01). Models including more variables (As, U, V) were also significant (*p* \< 0.01) but less strongly correlated to the community structure (r2 = 0.49 to 0.61; Table [S7](#SM1){ref-type="supplementary-material"}).

![Principal Coordinate Analysis (PCoA) computed from the OTU abundance table of resuspended sediments, either exposed (P,▴) or not (S,∙) to acidic effluent (AWW), performed in triplicate (each replicate is indicated by the second digit, from 1 to 3), and collected at 4 different times along the incubation (time T3 to T10). The size and color intensity of symbols is proportional to elapsed time. Ellipses represent sample partitioning (Bray Curtis dissimilarity) between the P and S groups (standard deviation at 90% confidence, *p*-value 0.002). **(A)** Correlation between ordination and unrelated environmental variables (after removing the linearly-correlated variables). Only significant correlations are represented (*p*-value \< 0.01, in light blue, *p*-value \< 0.001, in dark blue). **(B)** Identification of 32 most discriminant OTU (labeled with their OTU number). Arrow colors represent the OTU affiliation at different taxonomic levels (class/order/family, represented by c/o/f respectively). BLAST affiliation of those OTU can be found in Table [S8](#SM1){ref-type="supplementary-material"}.](fmicb-09-03103-g0004){#F4}

![Heat map showing the relative abundance of the most discriminant OTU selected from the PCoA of initial samples (SED, SW, and AWW) and samples collected during resuspension experiments (at 4 different times from T3 to T10), either in exposed (P) or not (S) to AWW. Data are average abundances calculated on biological triplicates. The color intensity for each panel corresponds to the OTU abundance, red indicates high level of relative abundance, while yellow indicates low relative abundance.](fmicb-09-03103-g0005){#F5}

Dynamics of Representative OTU in the Sediment Resuspension Experiments
-----------------------------------------------------------------------

The taxonomic affiliation of the 32 representative OTU selected from the PCoA is given in Table [S8](#SM1){ref-type="supplementary-material"}. The relative abundance of these OTU over time was presented in the heatmap (Figure [5](#F5){ref-type="fig"}), which separated them into 3 groups according to their enrichment in S or P conditions. The relative abundance and diversity of the *Bacteroidetes* OTU differed between S and P conditions. The first group (named "P-related OTU") contained the majority of the representative OTU (9) explaining the separation of P communities at the end of the experiment. They were mainly affiliated to the *Flavobacteriaceae* family within the *Bacteroidetes* phylum (1, 66, 106, 109, 165, 168126; Figure [4B](#F4){ref-type="fig"}, Table [S6](#SM1){ref-type="supplementary-material"}), suggesting a competitive advantage of these marine bacteria under acidified P conditions. The second group (named "S-related OTU") contained 15 OTU, which seem to be more abundant in S than P condition, but no statistically significant difference was observed between conditions. Eight of them were mainly related to *Bacteroidetes*. Five *Saprospirales* OTU (3, 30, 114, 205, 273031) were enriched at Tf in S conditions, suggesting they might be adapted to sediment resuspension (Figure [5](#F5){ref-type="fig"}). The third group (named "S- and P-related OTU") includes the 10 common OTU observed after 3 days, which decline over time, suggesting they were not adapted to the conditions imposed by sediment resuspension.

Spearman\'s rank correlation analysis showed significant positive correlations (r~s~ \> 0.70, *p*-value \< 0.05) between dissolved Cd levels and relative abundance of several OTU (e.g., 3, 7, 66, 109, 165, 140, 210, 168126; Table [S9](#SM1){ref-type="supplementary-material"}). The affiliation of these OTU at the genus level (when available) is provided on the heatmap (Figure [5](#F5){ref-type="fig"}) and Table [S8](#SM1){ref-type="supplementary-material"}. For example, relative abundance of *Flavobacteriaceae* OTU 165, affiliated to *Tenacibaculum* genus, increased by 4 times over time and were highly correlated with Cd levels (r~s~ = 91 respectively; Table [S7](#SM1){ref-type="supplementary-material"}). Relative abundance of four *Bacteroidetes* OTU positively correlated with two TE: (i) Cd and V, such as *Flavobacteriaceae* OTU 109 and 168126 (*Namhaeicola* and *Olleya*, respectively) and *Rhodothermaceae* OTU 536800, or (ii) Cd and U that correlated with *Saprospirales* OTU 3 (*Lewinella*), suggesting multi-resistance to metals. No significant correlation was observed between selected OTU and As.

Discussion {#s4}
==========

The coastal marine ecosystems of the Gulf of Gabès (GG, southern Mediterranean Sea) are impacted by long-term discharges from fertilizer industry waste containing trace metals (El Zrelli et al., [@B25]; El Kateb et al., [@B23]). Our results demonstrated that resuspension of surface contaminated sediment from the Sfax coast led to high releases of Cd, U and V in seawater. High concentrations of Cd were initially found in surface sediment collected in front of mixed wastewater discharge into the seawater (El Hakmouni Wadi), as detected in previous studies on surface sediments of the Sfax southern coast (Zouch et al., [@B78]; Naifar et al., [@B54]). The fate and distribution of As, Cd, U and V are driven by complex processes controlled by abiotic and biotic parameters. Cd remobilization was biologically enhanced in our experiments, while remobilization of U from the sediment seemed to be mainly enhanced by abiotic factors, such as pH or oxygenation (Moon et al., [@B53]). Biotic factors are known to control both U and V immobilization, but in anoxic sediments, in which they can be bioreduced or trapped by hydrogen sulfide bioproduced from OM (Cumberland et al., [@B17]; Reijonen et al., [@B59]). In our experiments conducted under aerobic conditions, arsenic (As) was efficiently immobilized by the surface oxic sediments. Indeed, As is known to be less mobile under aerobic conditions than under anaerobic conditions in reducing sediment porewater (Bataillard et al., [@B6]). Moreover, a previous resuspension study of estuarine sediments showed that As was released ten times less from a surface oxic layer (the 0--0.5 cm) than from a deep anoxic layer sediment (13--15 cm depth; Saulnier and Mucci, [@B63]).

Acidic industrial effluent induced an increase in the content of several trace metals (e.g., Cd, V) in our resuspension experiment and could influence metal dynamics by modifying some physico-chemical parameters, especially pH, which control TE chemical form and mobility (Kiratli and Ergin, [@B46]; Eggleton and Thomas, [@B22]; Millero et al., [@B51]; Wang Z. et al., [@B71]). Martín-Torre et al. ([@B49]) have shown that metal response to pH variation varies from one element to another. According to our study, Cd was not controlled by neutral/marine pH (7--8.5) range, because it forms strong chloro complexes in seawater, which are weakly influenced by pH change (Millero et al., [@B51]; Martín-Torre et al., [@B49]; Bruland, [@B9]). U mobility was controlled by pH (immobilized at initial pH \< 8 and mobilized at initial pH \> 8), because U is known to form strong complexes with carbonates and hydroxides influenced by pH (Millero et al., [@B51]; Cumberland et al., [@B17]). V release was observed in all experimental conditions, according to previous studies reporting high V mobility at neutral/marine pH (Brunori et al., [@B10]; Reijonen et al., [@B59]). In contrast, As was not remobilized during our experiment conducted at neutral/marine pH, in agreement with previous studies showing low As solubilization from contaminated marine sediment and processing waste under aerobic and neutral pH conditions (Al-Abed et al., [@B2]; Martín-Torre et al., [@B49]). In the neutral/marine pH region, the low As release is probably due to the co-sorption of As and Fe in sediments (Saulnier and Mucci, [@B63]; Al-Abed et al., [@B2]).

Acidic wastewater addition impacted bacterial community dynamics in our sediment resuspension. Lower bacterial diversity and changes in bacterial composition were observed in samples with acidic effluent addition, suggesting that slight pH decrease and/or TE input (e.g., Cd), was selective pressure for some sensitive marine bacteria. A shift within *Bacteroidetes* phylum diversity was observed depending on AWW addition. Indeed, the relative abundance of *Flavobacteriaceae* species increased with addition of AWW containing trace metals and leading to a pH decrease. *Flavobacteriaceae* phylotypes (e.g., *Gaetbulibacter, Tenacibaculum*, and *Winogradskyella*) were dominant in the initial samples and were linked to Cd and V levels in our incubations. Some of them were already reported to be positively correlated with Cd levels in a previous study reporting the effect of Cd (up to 100 μg L^−1^) on the microbial community of the East China Sea (Wang K. et al., [@B70]). The pH is also a key factor influencing bacterial community structure, as recently reported by several studies dealing with marine sediment, contaminated soil and freshwater ecosystems (Liu et al., [@B48]; Currie et al., [@B18]; Wu et al., [@B74]). As observed in our study, Krause et al. ([@B47]) reported that slight acidification (small changes in pH from 8.2 to 7.7), due to the rise of anthropogenic CO~2~ emissions, cause shifts in bacterial communities in the North Sea, and they identified many pH-sensitive groups (e.g., *Flavobacteriaceae*). Consequently, the acidification and contamination of south Mediterranean coastal areas by phosphate fertilizer industrial discharge may affect marine ecological processes driven by bacteria, especially the phylum *Bacteroidetes* occurring in the coastal sediment and seawater, which are essential for the organic matter mineralization (Cottrell and Kirchman, [@B16]; O\'Sullivan et al., [@B55]).

In conclusion, the input of acidic wastewater affected both microbial diversity and trace metal dynamics during resuspension of contaminated sediments. The effect of AWW addition was metal-dependant and mainly visible on the diversity of the phylum *Bacteroidetes*, which is assumed to be important in OM degradation. Among *Bacteroidetes*, members of *Flavobacteriaceae* seem to be well adapted to the acidification and metallic pollution. Although other parameters such as nutrients or organic contaminants (e.g., hydrocarbons) may also contribute to the dynamics of both metals and microbial communities in our incubations, our results show for the first time the effect of an extremely acidic effluent on coastal microbial communities and give some interesting insights concerning the fate of metals during resuspension events, which could be useful as bioindicators of environmental impacts or to predict potential metal contamination in coastal marine ecosystems.
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